The polymerase chain reaction (PCR) was used to amplify portions of the gag and env structural genes of 8 ovine and 1 caprine lentivirus isolates of North American origin. Three sets of primers were used to amplify p16, p25, and N'-gp40 gene fragments, and 1 set, annealing highly conserved portions of long terminal repeat (LTR) among small ruminant lentiviruses, was used as a positive control. Variable PCR amplification efficiency was observed. Different stringency conditions of hybridization with specific DNA probes were used to maximize detection of the PCR product. The p25 primers detected all strains, the gp40 primers detected 1 ovine and the caprine strain, and the p16 primers detected only 1 ovine isolate. All strains were detected by LTR primers. Restriction endonuclease analysis of 5 amplified p25 and 2 N'-gp40 gene fragments revealed extensive heterogeneity among these North American small ruminant lentiviruses.
Ovine and caprine lentiviruses (OLV and CLV) are non-oncogenic exogenous retroviruses causing persistent infection and chronic debilitating diseases. Interstitial pneumonia is the typical lesion in sheep, while chronic arthritis is the most common pathology in adult goats. Pneumonia and joint lesions, often associated with mastitis and occasionally encephalitis, can be observed in both species. 3, 4, 16, 18 The viruses that infect sheep (maedi-visna virus or ovine progressive pneumonia virus) and goats (caprine arthritis encephalitis virus [CAEV] ) are closely related but genetically distinct. 5 Because most of the structural proteins show immunologic cross-reactivity, OLV antigens, which are easier to produce in cell culture systems than CAEV proteins, can be used to detect specific lentiviral antibodies in either sheep or goats. Western immunoblot analysis of anti-OLV antibody response showed that the gag-and env-encoded proteins are recognized by infected sheep. 8, 10, 12 Recently, recombinant proteins from Icelandic strain K1514 have been expressed in a prokaryotic system, and those with immunoreactive properties have been used as antigens for serum antibody detection in North American sheep and goats. 13, 14 The usefulness of native and recombinant gag-and env-encoded proteins as host species-specific and crossspecies diagnostic antigens is consistent with regions of gag and env gene homology, both among OLV iso-lates as well as between ovine and caprine lentiviruses. However, limited information is available on the nucleotide sequence homology of gene fragments among small ruminant lentiviruses because the genomes of only 6 OLV isolates have been completely sequenced. 2 These include 4 variants of the prototype Icelandic strain 1514, 1,29,30 a South African strain (SA-OMVV), 23 and a British isolate (EV1). 28 In effect, only 3 truly different OLV strains (Icelandic prototype, SA-OM W, and EV1) and no North American OLV isolates have been sequenced. Based on available sequence data as well as nucleic acid hybridization studies, the gag and pol nucleotide sequences are the most highly conserved, both among OLV isolates and between OLV and CLV strains, with more limited homology in the env gene 17, 21, 22 However within the env gene, OLV isolates display regions of both sequence diversity and conservation.
While direct comparison of viral DNA sequences with the prototype genome is the best quantitative method to measure the extent and location of nucleic acid homology, restriction endonuclease mapping is a cost-effective alternative to sequencing to compare strain genetic information. High expense and technical complexity make DNA sequencing impractical to apply to a large number of viral isolates. However, restriction enzyme analysis following polymerase chain reaction (PCR) amplification of specific DNA sequences is a rapid and efficient alternative to sequencing that can allow genetic differentiation of viral strains. For example, this technique was used to identify geographically distinct retroviral subtypes in a molecular epidemiology study of human T-cell leukemia virus type 1. 11 In the present study, PCR was used to amplify 2 gag and 1 env gene fragments encoding immunoreactive proteins from 9 geographically distinct North American small ruminant lentiviruses. The PCR products were analyzed with restriction endonucleases to assess viral genetic heterogeneity. Comparison of PCR efficiency, hybridization conditions with specific DNA probes, and restriction mapping results suggested that North American lentiviruses can be differentiated using gag-specific PCR primers and restriction mapping and that significant genetic heterogeneity exists between the prototype Icelandic OLV strain and the North American lentiviruses of sheep and goats.
Materials and methods
Viruses and cells. Nine North American small ruminant lentivirus isolates (8 ovine and 1 caprine) were used in this study. Two (OLV 85/34 and OLV 84/28) were originally isolated at Colorado State University 15 (Fort Collins, CO) and were obtained from the Texas Agricultural Experimental Station (San Angelo, TX); 5 OLVs were field isolates from different US geographical areas (Andrew-Montana, Clay Center-Nebraska, Fargo-North Dakota, Halverson-Montana, Runk-North Dakota, WLC-1-Wyoming, CAEV NADC-Iowa). All of the isolates were adapted to ovine cell cultures and were passaged twice on ovine fetal choroid plexus cells at a low number of passages.
DNA sample preparation. Unintegrated proviruses were extracted from infected cells by the modified Hirt method. 7, 24 Briefly, infected monolayers grown in 25-cm 2 flasks were washed with phosphate-buffered saline (PBS), treated with 1 ml of lysis buffer (100 mM Tris-HCl [pH 8], 1 M NaCl, 10 mM ethylenediaminetetraacetic acid [EDTA], 0.2% sodium dodecyl sulfate [SDS]) for 10 min at 37 C and overnight at 4 C. Cell extracts were centrifuged at 15,000 x g at the same temperature. The supematant fractions were treated with proteinase K (100 µg/ml) for at least 12 hr at 37 C. The DNA samples were extracted twice in phenol (chloroform, precipitated with 1/10 volume of 3 M sodium acetate and 2.5 volume of ethanol). The pellets were dried, resuspended in 100 µl of distilled water containing RNAse A (20 µg/ml), and refrigerated at 4 C until used for enzymatic amplification.
Polymerase chain reaction and Southern blots. Three out of four pairs of primers used in this study were previously designed to amplify and clone the gene fragments encoding the matrix protein (p16), the major core protein (p25), and the N'-portion of the transmembrane protein (Tm). 12 They were designated gag-p16, gag-p25, and env-Tm. A fourth primer set, annealing a highly conserved region of the nontranscribed long terminal repeat (LTR), was used as a positive control to assess the purity of sample preparations. 31 The primer pair sequences, genome locations, and length of amplified PCR products derived from the published sequences of OLV strain K1514 are summarized in Table 1 . 30 The reaction conditions were adjusted for maximum sensitivity by using nonstringent annealing temperatures in the initial 5-7 cycles (down to 40 C) and a slow ramp time between annealing and extension temperatures (up to 30 min). 9 An additional 30 cycles of amplification were then performed under more stringent conditions, as previously described. 26 One to three microliters of each DNA sample was used in a total reaction volume of 100 µl.
Five to ten microliters of PCR product was electrophoresed on 2% agarose gel, stained with a solution of ethidium bromide, and capillary transferred to a nylon membrane by alkaline procedure. 25 Specific probes for the 3 fragments were generated from the OLV strain K1514 by restriction digestion of the respective recombinant vectors, as previously described 12 and labeled with digoxigenin-11-dUTPB using the random primer method, according to the manufacturer's protocol. In order to maximize detection of isolates, prehybridization, hybridization, and posthybridization washes were performed twice -first under stringent conditions (65 C) and then under less stringent conditions (55 C).
Restriction endonuclease digestion of amplified products. The amplified PCR products were treated with proteinase K (200 µg/ml), extracted once in phenol/chloroform and once in chloroform, precipitated in alcohol, and resuspended in 30 µl of distilled water. For cases in which nonspecific bands were observed in the PCR products, a portion of the samples were purified on a 5% or 8% polyacrylamide gel electrophoresis. The gel was stained with ethidium bromide and the band of the appropriate size was excised. The DNA was eluted overnight in distilled water and a portion of this purified sample was then subjected to reamplification by using a stringent temperature profile.
A panel of 8 restriction enzymes was chosen based on the known location of restriction sites in the gene fragments of strain K15 14 (EcoR1, Pst 1, Sma 1, and Dra 1), and on the expected increase in restriction sites that would create a unique identifiable restriction pattern (Hae III, Rsa 1, Hinfl, and Hha 1). The restriction enzyme digestions were carried out according to the suggested conditions of the manufacturer. b The digested products were resolved by 12% polyacrylamide gel electrophoresis, stained with a solution of ethidium bromide, and photographed.
Results
The PCR was considered positive when the amplified product of the expected size was easily visualized after ethidium bromide staining. When the p25 primers were used, PCR detected 5 of the 8 OLVs: 84/28, Halverson, WLC-1, Clay Center, and 85/34 (Fig. 1,  lanes A, C, F, H, and I) . The specific probes used for Southern blot hybridization, under stringent conditions, detected the same 5 OLVs. The strongest signal was observed for the Halverson isolate and WLC-1 strains (Fig. 1 ). When the same experiment was conducted at 55 C, weak signals were observed for the Andrew, Fargo, and Runk isolates, and a very weak signal was observed on the CLV NADC (data not shown). Transmembrane primers detected the OLV WLC-1 and the CLV NADC (Fig. 2, lanes A and B) . The specific probe for Tm-N' detected the caprine lentivirus only when hybridization was conducted at 55 C (Fig. 2) . The p16 primers amplified only the strain WLC-1 (Fig. 3, lane F) , and only this strain was de- tected by the gag-p16 probe. The positive control LTR primers detected all strains (Fig. 4) .
All of the PCR products detected by ethidium bromide staining were subjected to restriction enzyme analysis. For the gene fragment encoding p25, the WLC-1 strain contained restriction sites for Pst 1, Sma 1, and Dra 1, and the Halverson strain contained a restriction site for Dra 1. Based on the published sequence of the strain K1514, the fragments that originated from the enzymatic digestion were of the expected length (data not shown). When restriction enzymes that cut more frequently were used, expected restriction patterns were observed in the 5 OLVs and fell into 3 groups: 1 common to the Halverson isolate and the WLC-1 strain (Fig. 5, lanes A-abc and B-abc) , 1 typical of the Clay Center isolate (Fig. 5, lanes C-abc) , and 1 common to the strains 84/28 and 85/34 (Fig. 5,  lanes D-abc and E-abc) .
For the gene fragment encoding the N'-terminal of Tm protein, the WLC-1 strain contained 2 sites for Hinfl and 2 sites for Rsa 1 that were at expected lo- Fig. 1 . Southern hybridization with gag-p16 fragment specific for Icelandic strain K1514 was conducted at 55 C. cations based on the published sequence of the strain K1514. The same fragment of the CLV NADC contained sites for both of the enzymes but in a different location (Fig. 6 ). Finally, for the gene fragment encoding p16, the strain WLC-1 contained restriction sites for EcoR1, Sma 1, and Dra 1 that were located as expected (data not shown).
Discussion
Genetic variation is a well documented feature of lentivirus biology that has been shown to greatly influence viral pathogenesis, transmissibility, and survival. 6 Genomic heterogeneity is also characteristic of small ruminant lentiviruses based on molecular hybridization studies, restriction enzyme mapping, PCR, and available sequence data. 21, 22, 24, 28, 31 However, because of the paucity of published genetic information on North American small ruminant lentiviruses, this study emphasized geographically distinct isolates from this region. The PCR findings, Southern blot results, and restriction enzyme patterns for the 9 viral isolates described suggest that North American OLV isolates are genetically heterogeneous with OLV isolates from elsewhere in the world and confirms genetic differences between caprine and ovine lentiviral strains.
Determining the extent and location of nucleotide sequence homology both among OLV strains and between ovine and caprine lentiviruses is important, be-cause the common and variable biological properties of small ruminant lentiviruses are presumably determined, to a large extent, by their genetic organization. Focus on genetic variability among North American OLV isolates is justified because of the observed differences in biological properties of American OLV strains compared to the well characterized prototype Icelandic visna strain 1514. 17, 19 These differences include virulence and persistence properties in vitro as well as immunologic and clinico-pathologic responses in vivo.
Ovine lentivirus strains isolated from Icelandic sheep with the pulmonary form (maedi) of the disease were found by restriction enzyme analysis to differ by about 7% in base sequence compared to strains isolated from sheep with the neurological form (visna) of the disease. 20 The considerable biological differences among strains have prompted some investigators to classify small ruminant lentiviruses into 2 distinct groups, of which Icelandic visna OLV (Group I) and CAEV (Group II) are the prototypes, analogous to the separation of human lentiviruses into HIV-1 and HIV-2. 17, 19 Caprine lentiviruses throughout the world have Group II properties, whereas sheep viruses may have either Group I or II properties. American OLV isolates tend to be more similar to CAEV (i.e., Group II) than Icelandic OLV. Within each group, field virus genomes differ from one another by about 1%-10% of their nucleotide sequences. Between groups, viral genomes vary by approximately 25% with differences located primarily on the env gene and in the LTR. Overall, sequenced OLV strains from Iceland, Britain, and South Africa show about 20% difference in nucleotide sequence and it is assumed that American OLV strains are even more genetically divergent. 20 In the present study, we optimized lentiviral DNA sample preparation, isolation, and purification. The Hirt technique was used to extract a large amount of unintegrated viral DNA that was not contaminated by cellular DNA from infected cultured cells. A low an-probe and strain sequence. The gag-p16 primer set nealing temperature in the initial PCR cycle minimized amplified only the OLV WLC-1 strain, whereas the the amplification of nonspecific products. Samples were env-Tm primers amplified only the OLV WLC-1 and treated with RNAse A to hydrolyze the competing viral CAEV NADC isolates. The same set of env-Tm prim-RNA in the annealing step. ers, however, was able to amplify 4 Italian caprine Three of the four PCR primer sets used were orig-lentivirus isolates (personal observation, SR), so the inally designed to amplify and clone gene fragments of OLV Icelandic strain 1514 in expression vectors, but they were used in this study with variable success to amplify gene fragments from 9 different small ruminant lentiviruses. The gag-p16 and gag-p25 primers were designed to amplify the entire targeted capsid genes, while the N'-Tm primers amplified only a portion of the env gene. Based on published sequence data for the South African, British, and Icelandic strains, these primers were not located in highly conserved regions. Because the efficiency of PCR depends on the complementarity between the primers and the template, the presence of only a few mismatched bases, if confined to the 3'-end of the oligonucleotide, can influence the yield of specific product. Because the gag-p25 primers amplified the target genes from 5 of 8 OLV isolates, these primers may be complementary to a relatively conserved region among North American ovine lentiviruses. High stringency Southern blot hybridization with the gag-p25 DNA probe (generated from the Icelandic OLV strain) confirmed these PCR findings. The 3 other OLV isolates and the CAEV strain N'-Tm region of the env gene may be more conserved among lentiviruses of goats than of sheep. The env-Tm DNA probe detected the caprine strain only under nonstringent hybridization conditions, whereas OLV WLC-1 was detected under stringent conditions, providing further evidence of genetic variation among OVLs and CLVs in this fragment. The success of all 3 PCR primer sets in amplifying the gene fragments of OLV WLC-1, as confirmed by their high stringency Southern blots, suggests significant nucleotide homology between this strain and Icelandic strain 1514.
the gag-p16 and env-Tm primer sets to amplify their respective gene fragments from most isolates tested indicates the need to identify more conserved sequence primers to compare nucleotide homology in these regions of the genome.
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